Abstract. Single species can have large effects on entire communities through habitat modification and facilitation. I tested the general hypothesis that the intertidal grass Spartina alterniflora facilitates the establishment and persistence of New England cobble beach plant communities by modifying the shoreline environment. This community is dominated by halophytic forbs and is restricted to estuarine cobble beaches bordered by Spartina. Beds of Spartina can reduce mean water velocity by 50% and maximum velocity by nearly an order of magnitude, and they can substantially stabilize the cobble substrate. Specifically, I determined the importance of five life history stages (seed supply, seed germination, seedling emergence, seedling establishment, and adult survival) and four factors (water velocity, substrate stability, herbivory, and soil quality) in limiting lateral plant distribution. A seed addition experiment demonstrated that seedlings could only emerge behind Spartina, suggesting that seedling emergence is the proximate life history stage limiting adult distribution. Seed germination and adult survival do not appear to be limiting stages, at least in an absolute sense. Although seed supply was much greater (ϳ10-100ϫ) behind Spartina, a substantial number of seeds were caught in seed traps placed between beds, suggesting that seed supply also does not limit absolute plant distribution. These results are supported by the presence of seedlings buried below the substrate surface between beds at the time when seedlings are naturally emerging behind beds. A manipulative field experiment was performed to test the effects of substrate instability, soil quality, and herbivory on seedling emergence between beds. Seeds of two annual cobble beach species (Suaeda linearis and Salicornia europaea) were added to plots behind Spartina and also between beds with and without substrate stabilization manipulations. This treatment was designed to stabilize the substrate in a manner that would not affect water velocity and soil characteristics or prevent access by potential herbivores. When not buffered by Spartina, seedlings of both species were only able to emerge and survive when the substrate was artificially stabilized. These results indicate that Spartina alterniflora facilitates the establishment and persistence of cobble beach plant communities by stabilizing the substrate and enabling seedlings to emerge and survive.
INTRODUCTION
There is often considerable variation among species in the magnitude of their effect on community structure. Although most are hypothesized to have minor effects (MacArthur 1972 , May 1973 ) some can dramatically alter community and ecosystem level attributes such as species diversity and productivity (Paine 1980 , Grime 1997 , Hooper and Vitousek 1997 ). An ongoing challenge for ecology is to identify these important species and the mechanisms through which they exert their influence (Power et al. 1996 , Grime 1997 , Jones et al. 1997 . Doing so has proved to be an invaluable tool that has greatly improved our understanding of the dynamics and organization of many communities (Paine 1980) and will enable conservation efforts to be focused on the protection of these strongly 1 E-mail: John Bruno@Brown.edu interacting species (Frankel and Soulé 1981 , Soulé and Simberloff 1986 , Power et al. 1996 . Ecologists have traditionally limited their search for influential species to a few general categories including species that affect their communities through predation or herbivory (e.g., Paine 1969 , Estes and Palmisano 1974 , Carpenter 1990 ) and those that strongly influence ecosystems through primary production (e.g., Hooper and Vitousek 1997, Wardle et al. 1997) . However, there are also other, less well understood processes by which a single species can have a large impact on community structure and ecosystem function (Power et al. 1996) . One such process is facilitation through habitat modification.
Many organisms modify their environment and make conditions more suitable for themselves simply through their presence or as a byproduct of their activities (Jones et al. 1994 , Callaway 1995 . This habitat modification can often facilitate (i.e., assist or benefit) other species by reducing environmental stress to tolerable levels or by increasing the flow of resources Ecology, Vol. 81, No. 5 PLATE 1. Photographs of (left) a typical New England cobble beach plant community and (right) Suaeda linearis seedlings within a representative interbed substrate stabilization treatment plot (taken on 15 June 1998, two weeks after the second census).
(e.g., energy or nutrients) within the system Callaway 1994, Jones et al. 1994) . The results range from trivial to dramatic and can include the creation of a habitat upon which a whole community is dependent (Jones et al. 1997) . Facilitators that have relatively large impacts on their community have been termed foundation species (Dayton 1972) , keystone modifiers (Wilson and Agnew 1992, Bond 1993) , and ecosystem or keystone engineers (Jones et al. 1994) . The manifestations of such species are ubiquitous in nature. Common examples include numerous plants and trees (Ellison 1949 , Franco and Nobel 1988 , Hunter and Aarssen 1988 , Wilson and Agnew 1992 , Callaway 1995 , beavers (Naiman et al. 1988 ), marine mussels (Suchanek 1979 , Witman 1985 , reef-building corals (Goreau et al. 1979) , and sea grasses (Orth 1977 , Fonseca et al. 1982 , Irlandi and Peterson 1991 . In some cases, the modifier is redundant, as a number of species within a functional group can fill the same role (e.g., soil shading in salt marsh habitats by numerous grasses and shrubs Hacker 1994, Bertness and Yeh 1994] ), while in others it is irreplaceable (e.g., the provision of a critical predation refuge by single marine mussel species [Witman 1985]) .
Cases where a single modifier facilitates the presence of an entire habitat type or community have received especially little attention (Bertness and Leonard 1997) . Although ecologists are aware of such whole-community facilitation, our knowledge is based largely on anecdotal observations and we often lack even a basic understanding of the facilitative mechanisms. One potential example of a single species that has a large impact on its community through habitat modification is the intertidal grass Spartina alterniflora which appears to facilitate the establishment and persistence of plant communities on cobble beaches. Although cobble beach plant communities are virtually undescribed, they are common on moderately protected beaches from Long Island Sound to northern Maine on substrates ranging from coarse sand to large cobbles (personal observations) . This community is dominated by a dense assemblage of halophytic forbs that thrive in an apparently stressful environment characterized by a highly mobile substrate, poor soil conditions, and daily immersion in salt water. In cobble beach environments, these plant communities are only found behind beds of Spartina, forming parallel bands, 3-10 m in width, along the shore (see Plate 1). The association seems to be obligate, but not reciprocal, as most Spartina beds remain unoccupied by cobble beach plants (Bruno and Kennedy 2000) .
The ubiquity of this pattern suggests that cobble beach plant communities are dependent on facilitation by Spartina. This association has not been examined quantitatively or experimentally, however, and it could result simply from shared microhabitat requirements or the concentration of seeds behind Spartina beds (Callaway 1995) . Furthermore, if cobble beach plants are facilitated by Spartina, this could occur at a number of life history stages and through a variety of mechanisms. Therefore, the overall purpose of this study was to determine whether Spartina facilitates cobble beach plant communities, and if so, how. Specifically I addressed the following two questions: (1) At what life history stage are cobble beach plants restricted to locations behind Spartina? and (2) What factors limit lateral plant distribution?
A species can be limited at a number of life history stages. Early stages, such as the supply or availability of propagules, have been shown to set species distributional boundaries in a wide variety of taxa including plants (Reader and Buck 1986, Primack and Miao 1992) , coral reef fish (Doherty and Williams 1988) , and intertidal invertebrates (Gaines and Roughgarden WHOLE-COMMUNITY FACILITATION BY SPARTINA 1985, Underwood and Fairweather 1989) . These early stages are often the most vulnerable to unfavorable environmental conditions so it is crucial to consider them when determining the factors that limit the distribution of a species (Harper 1977 , Watkinson 1978 , Underwood 1991 . I examined the importance of five life history stages (seed supply, seed germination, seedling emergence, seedling establishment, and adult survival) in limiting the distribution of cobble beach plants. Results indicated that the inability of seedlings to emerge from the substrate prevents cobble beach species from becoming established on sections of the shoreline not bordered by a Spartina bed.
A number of factors could potentially prevent seedling emergence. Previous studies of similar systems such as lake shore and sand dune habitats have found that physical disturbance by waves can limit the emergence and establishment of seedlings by eroding and depositing sediments (Ranwell 1971 , Van der Valk 1974 , Keddy 1982 , 1983 , Ehrenfeld 1990 . Spartina can substantially reduce wave-related physical stress in estuarine cobble beach habitats. For example, Spartina beds reduce mean water velocity by 50%, maximum velocity by nearly an order of magnitude, and effectively stabilize the cobble substrate (Bruno and Kennedy 2000) . At least two related aspects of higher flow velocities between beds could prevent seedlings from emerging (Keddy 1983) : seedlings could be physically dislodged by waves (a direct effect of flow), or they could be buried by cobbles (i.e., an indirect effect due to substrate instability). Another possible causal factor related to flow is soil quality. Because Spartina most likely increases sedimentation by reducing flow speed, soil quality (e.g., soil nutrient content) might be expected to be higher behind beds (Irlandi and Peterson 1991) . Finally, herbivores such as birds, fish, crabs, or terrestrial insects could restrict lateral plant distribution. These four potentially limiting factors can be stated as four alternative hypotheses that explain why seedlings cannot emerge between beds: Ha1, substrate instability prevents seedling emergence; Ha2, poor soil quality prevents seedling emergence; Ha3, newly emergent seedlings are removed by waves; or Ha4, newly emergent seedlings are eaten by herbivores.
STUDY LOCATION AND ORGANISMS
All research was performed within Narragansett Bay, Rhode Island, USA, a well-mixed estuary with semidiurnal tides (range ϭ 0.8-2.0 m). The shoreline of Narragansett Bay is dominated by beaches made up of unconsolidated, glacially deposited boulders, cobbles, gravel, and sediment. Waves in the middle and upper bay are generated by local winds and boat traffic and rarely exceed 1 m in height. Experiments were performed at Brown University's Haffenreffer Reserve in Bristol, Rhode Island (41Њ41Ј N, 71Њ14Ј W), and on Prudence Island, in the Narragansett Bay National Estuarine Research Reserve (41Њ39Ј N, 71Њ21Ј W).
At least 12 forb species can be found in Narragansett Bay cobble beach plant communities, including four perennials and eight annuals. Most of these species have identical vertical distributions and are found between 1.0 and 1.5 m above mean low water (MLW). Cobble beach plant communities are similar to, and could be considered to be a type of fringing marsh, as many plant species are found in both habitats. In fact, they may be an early successional stage in fringing marsh development. However, these two habitat types also differ in a number of important aspects. For example, fringing marshes are dominated by grasses (e.g., Spartina patens and Distichlis spicata) that outcompete forbs for light and nutrients, which severely limits their abundances and generally restricts their distributions (Bertness et al. 1992) . Fringing marshes are also characterized by a stable peat substrate in contrast to the highly unstable gravel and cobble substrate of cobble beaches. Important physical stress factors in fringing marshes are likely similar to those of full-scale marshes and include soil waterlogging and the buildup of salt on the soil surface (Bertness et al. 1992) . Because the substrate appears to be well drained due to the coarse grain size (Pethick 1984) , these factors are not likely to be important in cobble beach plant communities. Cobble beach plant communities should also not be confused with strand line/sand dune communities that are found at the high high-water mark (2.0ϩ m above MLW in Narragansett Bay) and have a completely different species composition.
Cobble beach plant species have small seeds (1-3 mm in diameter across maximum axis) that are usually water dispersed during the fall and winter and can remain buoyant for weeks or even months (Ungar 1987) . Although most seeds are released from the parent plant before dispersal, many are also dispersed while still attached to the inflorescence when adult plants are removed from the substrate by wave action. The four species manipulated in this study include two annuals, Suaeda linearis (sea-blite, Chenopodiaceae) and Salicornia europaea (common glasswort, Chenopodiaceae), and two perennials, Limonium nashii (sea-lavender, Plumbaginaceae) and Salicornia virginica (woody glasswort, Chenopodiaceae). These four species were chosen because they are the most abundant and represent the range of plant life history strategies and morphologies found in Narragansett Bay cobble beach communities.
METHODS

Patterns of distribution
Patterns of species richness and abundance were quantified with standard random stratified sampling techniques. One hundred independent quadrats (0.25 m 2 ) were placed on random marks along a 100-m transect, 1.25 m above MLW at two treatment locations: (1) locations behind Spartina beds occupied by at least three cobble beach plant species (bed locations), and (2) locations that were on portions of the shore not bordered by a bed (interbed locations), but at the same tidal height as the bed locations. This sampling was repeated at five haphazardly selected sites within Narragansett Bay (Haffenreffer, Long Neck, Potter Cove, Providence Point, and Sheep Pen Point). The number of individuals of each species in each quadrat was used to calculate species richness and abundance.
Limiting life history stage
I determined the importance of seed supply in limiting plant distribution by measuring the number of seeds of three species (L. nashii, S. linearis, and S. europaea) caught in seed traps placed at bed and interbed treatment locations. This sampling was repeated at three sites at Haffenreffer (n ϭ 10 traps per location per site). Traps consisted of aluminum pans (17 ϫ 27 ϫ 5 cm) filled with cobbles that were deployed in September 1996 and collected in March 1997. Seeds were then separated from the soil with a hydraulic sluice that consisted of a 5 m long inclined trough (10 cm in diameter) with small ''riffles'' placed every 10 cm along its base. The seeds in each sample were then counted by hand using a dissecting microscope.
The effect of Spartina on seed retention was measured by releasing equal numbers of commercial grass seeds in bed and interbed locations within the same three sites at Haffenreffer. These seeds were similar in size and buoyancy characteristics to the seeds of cobble beach plants. Grass seeds were randomly released between 1.0 and 1.5 m above MLW by evenly spreading them within a 5 ϫ 50 m band parallel to the shoreline at each site/treatment combination. Seeds were released over a range of wind and water flow conditions, during three high and three low tides (total ഠ1.5 ϫ 10 6 seeds/ band). The number of commercial grass seeds persisting through the winter was quantified in the same traps used in the seed supply measurements (n ϭ 10 traps per location per site) and represents the relative estimate of seed retention. Seed supply for the three cobble beach species and the commercial grass seeds was statistically analyzed with two-factor ANOVA (fixed factor ϭ treatment, random factor ϭ site). This and all subsequent analyses were only performed after all statistical assumptions had been met (Sokal and Rohlf 1995) . Cochran's test was used to test the homogeneity of variances and when necessary, data were transformed according to the recommendations of Underwood (1997) .
The importance of seed germination, seedling emergence, and seedling establishment in limiting plant distribution was determined by adding seeds of the four experimental species to both treatment locations within two sites at Haffenreffer (n ϭ 4 plots per treatment per site). The number of seeds added to each replicate 10 ϫ 10 cm plot (S. linearis ϭ 100, L. nashii and S. europaea ϭ 200, S. virginica ϭ 400) was based on preliminary germination rate data. Seeds were held in place with covers made of wire mesh and fine cloth (organza) after being added to the substrate in November. The square covers had 3 cm tall sides which were imbedded into the substrate. Covers were removed in late February 1997 before germination took place. Germination, emergence, and establishment were determined by monitoring the seed addition plots from MaySeptember 1997. Germination was defined as the extrusion of the radicle from the seed coat. Emergence was defined as the emergence of a seedling from the cobble substrate and establishment was defined as survival until the 1 June census. Cover controls (n ϭ 8/ treatment location) were plots with covers to which no seeds were added. The mean number of seeds germinating, seedlings emerging, and seedlings establishing for each species in the cover control plots was subtracted from the corresponding treatment plot rates (i.e., same location and species) to yield corrected rates for each. Seed germination, seedling emergence, and seedling establishment for each species was statistically compared between bed and interbed treatments with two-factor ANOVA (fixed factor ϭ treatment, random factor ϭ site).
The substrate between beds was sampled for naturally occurring seedlings in mid-April, 1998. This sampling was performed as an additional test of the seed supply and germination hypotheses, as seedlings should have been present in these locations if they were able to arrive and germinate. Samples were made by scraping away the layer of cobbles at the substrate surface and removing a 10 ϫ 10 ϫ 10 cm volume of soil. Seedlings in each sample were then immediately counted by hand. Twenty independent samples were collected at random locations between 1 and 10 m from the end of Spartina beds at each of three sites (one site at Haffenreffer and two on Prudence Island: Potter Cove and Bear Cove).
The importance of adult survival in limiting plant distribution was determined by transplanting individuals of four species (L. nashii, S. linearis, S. virginica and S. europaea) to both treatment locations at each of six sites, three at Haffenreffer and three on Prudence Island (except for S. europaea which was only transplanted at the three Haffenreffer sites; n ϭ 4 plants per species per treatment location per site). The plants were transplanted early in the growing season (June 1996) and randomly assigned to treatment locations. Perennial transplants were adult plants that were several years old and reproductive and annual transplants were young adults ϳ5-8 cm tall. All transplants were watered with fresh water for the first 3 d after transplantation to reduce transplant shock. Transplants of the two annual species were scored as alive or dead at the end of the first growing season (September 1996) and the perennial transplants were censused at the end of the second season (September 1997). Survivorship of each species was compared between treatments with logistic regression analysis that included two effects (treatment and site).
Mechanism of facilitation experiments
A second seed addition experiment that included manipulations of substrate stability was performed to determine the factor limiting seedling emergence and thus lateral plant distribution. Seeds of S. europaea and S. linearis were added to ten replicate plots of each of three experimental treatments: (1) behind occupied Spartina beds (bed treatment), (2) between Spartina beds (interbed treatment), and (3) between Spartina beds with a substrate stabilization manipulation (stabilization treatment). The stabilization manipulation was designed to stabilize the substrate in a manner that would not affect flow speed and soil characteristics or prevent access by potential herbivores. If seedlings only emerged and established in the bed treatment plots, this would suggest that a factor other than substrate instability (e.g., poor soil quality or herbivory) restricts lateral plant distribution. However, if seedlings were also able to become established in the stabilization treatments (but not in the interbed treatments), this would suggest that stabilization alone is the proximate mechanism of facilitation.
Seeds of both species were collected during the fall of 1997 from a number of sites, homogenized, and stored over winter in a cool, dry location. The following spring seeds were divided into 35 allocations of equal mass (ϳ5,000 seeds each) and were added to the 0.25 m 2 plots in early March. All plots were placed between 1.2 and 1.4 m above MLW, which is within the zone naturally inhabited by cobble beach plants. The substrate was stabilized in the stabilization treatment by pinning a 0.25 m 2 piece of galvanized steel hardware cloth (0.5 inch [ϳ1.3 cm] mesh size) to the substrate with 12 inch [ϳ30.5 cm] long nails. The screen was molded around the cobbles and tightly attached to the substrate in a manner that restricted cobble movement. Screens were initially placed onto plots of all three treatment types (immediately after adding seeds), but were removed from the bed and interbed treatments just before seedlings began to emerge in early April. This was done to minimize potential artifacts of the screens including effects on seed retention and substrate quality.
Each plot was randomly assigned a position along the shore at Haffenreffer and on Prudence Island. Overall, the 30 seed addition plots were spread out over 10 km of shoreline which spanned a large range of physical variables such as substrate grain size, exposure to wave disturbance, and the direction of shoreline orientation. Each of the 10 experimental bed treatment plots was placed behind a separate Spartina bed that was occupied by Ն3 cobble beach plant species and was Ͼ100 m in length. Seedlings and adult plants of both species in each plot were counted on three dates: 1 May, 1 June, and 15 August, 1998. On 15 August 1998, five randomly selected individuals of each species were harvested from each plot that contained living plants. The plants were then dried for three days in a drying oven (at 70Њ C) and weighed. Dry mass was then used as a measure of plant fitness and plot dry mass means for each species were compared among treatments with t tests (square-root transformation of data was performed prior to analysis).
Although approximately equal numbers of seeds were added to each replicate plot, it is likely that seed persistence varied among the three treatments. For example, it is possible that a potential artifact of the stabilization manipulation was to increase the retention of seeds. Therefore the goal was to ensure that each plot contained a minimum of 100 seeds of each species during the emergence period. This conservative number is based on germination, emergence, and establishment rates in the first seed addition experiment. To ensure that the interbed treatments contained the minimum numbers of seeds, five additional interbed plots were created and sampled for the presence of seeds and seedlings within the soil. These five plots were constructed at the same time as the other 30 seed addition plots and their stabilization screens were removed at the same time as those from the interbed and the bed plots. The five additional plots were sampled for seeds four weeks after screen removal and eight weeks after seed addition. One substrate sample (25 ϫ 25 cm, 10 cm in depth) was collected from each plot and seeds were separated from the soil using the hydraulic sluice and counted as described above. The number of seedlings within each sample was also recorded.
The effect of the stabilization manipulation on water velocity and substrate stability was determined by measuring these parameters within the different treatment plots in April 1998. The dissolution block technique (Thompson and Glenn 1994) was used to measure the effects of the stabilization screens on mean flow 1 cm above the substrate surface. This technique is based on the fact that plaster cylinders dissolve at a rate proportional to water velocity, and thus represent an integrated measure of flow (Thompson and Glenn 1994) . One plaster dissolution cylinder was placed in the center of each of 15 stabilization and interbed plots. The cylinders were 1 cm tall, 7.5 cm in diameter, and were left in position for five days. The movements of standardized cobbles were measured to determine the effects of all three treatments on substrate stability (refer to Bruno and Kennedy [2000] for methodological details). Ten cobbles were placed along a short transect within each plot and the mean net distance of cobble movement after five tidal cycles in each was used as the statistical replicate. To avoid any possible disturbance artifacts on the seed addition plots, 12 additional plots of each treatment type were created for this assay.
To further test the hypothesis that poor soil quality between Spartina beds prevents seedling emergence, a greenhouse experiment was performed. Soil samples were collected by removing the top layer of cobbles from the substrate surface, and collecting enough soil to fill a small flower pot (1000 cm 3 ). Ten independent samples were collected at both bed and interbed locations from each of two sites (Haffenreffer and Bear Cove). The samples were collected in late March 1998 (during the natural emergence period), placed in a greenhouse, and watered with fresh water. The samples were not manipulated for the first 30 d so that any seeds already in the soil would germinate and could be removed to avoid the potentially confounding effect of a seed bank. Twenty-five S. linearis seeds were then added to each of the 40 soil samples. The replicates were assigned random locations on the greenhouse benches, and were rerandomized every other week. Six weeks after adding the seeds, living seedlings in each pot were counted as a measure of seedling emergence. Since seed germination and seedling establishment are also incorporated into this variable, it is really an overall measure of the effect of soil suitability on early life history stages. At this time all seedlings but one were removed from each pot. Survivorship to reproduction was determined as the proportion of adult plants that had flowered and were still alive at the end of the growing season (1 September). All living plants were then dried for three days in a drying oven (at 70Њ C) and weighed. Seedling establishment (the number of living seedlings/pot) and final dry mass were compared between treatments and sites with a two-factor ANOVA (random factor ϭ site or soil origin, fixed factor ϭ treatment or soil type), and survivorship to reproduction was compared with logistic regression analysis.
RESULTS
Patterns of lateral distribution
All cobble beach plant species at all five sites were essentially restricted to locations behind Spartina beds (Fig. 1) . The only exceptions were a few individuals of S. europaea and S. linearis found between beds at Potter Cove, the most protected site. During the summers of 1997 and 1998 I surveyed Ͼ100 km of the shoreline of Narragansett Bay as part of a related largescale sampling study and found that the pattern of restricted occurrence behind Spartina beds was highly general. I estimated that Ͻ1 individual plant/km of shoreline exists between beds. Interestingly, these exceptions generally appeared healthy and were usually either behind large boulders or were in a protected cove.
Limiting life history stage
Seed supply was much greater behind Spartina than between beds at all three sampled sites ( Table 1 ). The treatment effect (i.e., bed vs. interbed) was statistically significant for L. nashii (F 1,2 ϭ 52.71, P Ͻ 0.05) and S. linearis (F 1,2 ϭ 23.16, P Ͻ 0.05), but not for S. europaea (F 1,2 ϭ 7.45, P Ͼ 0.05). There were no significant treatment by site interactions (all P Ͼ 0.05) and the only significant site effect was for S. linearis (F 2,53 ϭ 7.21, P Ͻ 0.01). The seed density of these species behind beds can be extrapolated to approximately 1500, 1200, and 250 seeds/m 2 for L. nashii, S. linearis, and S. europaea respectively (data pooled across sites). Although interbed seed supply was lower, seeds of the same three species were caught in interbed traps Ͼ100 m from the nearest seed source (i.e., occupied bed), suggesting that long-distance dispersal among beds is possible. Interbed seed supply for L. nashii, S. linearis, and S. europaea can be extrapolated to 5, 75, and 6 seeds/m 2 , and seeds of these species were found in 7, 22, and 5 out of the 30 interbed traps, respectively. Significantly more (ϳ17 ϫ) commercial grass seeds were found in the bed traps than in the interbed traps ( Fig. 2 ; treatment F 1,2 ϭ 149.90, P Ͻ 0.01; site F 2,53 ϭ 0.36, P Ͼ 0.05; treatment ϫ site F 2,53 ϭ 0.80, P Ͼ 0.05). Because equal numbers were added to each location, this indicates that seed retention of commercial grass seeds was greater behind Spartina. Seeds of all four species germinated in all plots at both treatment locations. Germination rates of two species (S. virginica and S. europaea) were significantly higher behind Spartina (Tables 2 and 3) . However, this result should be considered with caution because the interbed plots may have lost more of their seeds after the covers were removed than the bed plots (i.e., due to reduced seed retention). Seedlings of all four species were only able to emerge and survive behind Spartina (Table 2 ). There was a significant treatment effect on emergence for three species and a significant treatment ϫ site interaction for the fourth (S. linearis, Table 3 ). Similarly, treatment location significantly affected the establishment of two species (S. virginica and S. europaea), and there was a significant treatment ϫ site interaction on the establishment of S. linearis (Table  3) . There was no germination or emergence in any of the interbed cover controls. Rates of emergence in bed cover control plots for S. linearis were low (4.0 individuals/plot) relative to the seed addition plots, were even lower for S. europaea (0.37 individuals/plot) and L. nashii (0.12 individuals/plot), and were zero for S. virginica. A relatively large number of naturally occurring seedlings were found below the substrate surface between beds at all three sampled sites (Bear Cove 185 Ϯ 81 seedlings; Haffenreffer 165 Ϯ 46 seedlings; Providence Point 105 Ϯ 31 seedlings; mean number of seedlings/m 2 Ϯ 1 SE, n ϭ 20 samples/site). Many could not be identified at the species level; however, most samples were dominated by S. linearis and S. europaea seedlings.
Treatment location had a significant effect on transplant survival for three of the four species ( Fig. 3 ; S. europaea, 2 ϭ 14.57, P Ͻ 0.0001; S. linearis, 2 ϭ 3.87, P Ͻ 0.05; S. virginica, 2 ϭ 21.73, P Ͻ 0.0001; L. nashii, 2 ϭ 0.00001, P Ͼ 0.05; from treatment effect likelihood ratio tests), and there was a significant treatment ϫ site interaction for L. nashii ( 2 ϭ 12.37, P Ͻ 0.01). Site significantly affected the survivorship of the two perennial but not the two annual species (Fig. 3 ; S. europaea, 2 ϭ 0.65, P Ͼ 0.05; S. linearis, 2 ϭ 4.27, P Ͼ 0.05; S. virginica, 2 ϭ 33.01, P Ͻ 0.0001; L. nashii, 2 ϭ 12.37, P Ͻ 0.05; from site effect likelihood ratio tests). Survivorship of interbed S. virginica and L. nashii transplants ranged from 0 to 100% among sites. Despite the generally higher survivorship of the plants transplanted to bed locations, interbed transplants displayed a relatively high rate of survival that ranged from 34% to 75% among species (Fig. 3) .
Mechanism of facilitation experiments
A substantial number of seeds were found in the five extra interbed plots (S. linearis ϭ 286.3 Ϯ 160.2 seeds; S. europaea ϭ 699.9 Ϯ 300.0 seeds; mean/sample Ϯ 1 SE). Because only 25% of the surface area of each plot was sampled, these values suggest that there were at least 100 seeds of both species in the interbed plots at the time when seedlings were emerging from the stabilization and bed plots. In addition to the recovered seeds, a relatively large number of seedlings (33.0 Ϯ 17.6; mean/sample Ϯ 1 SE) were also found in the soil sampled from these plots. The stabilization treatment Notes: Significance tests of site effects were not performed when there was a significant treatment ϫ site interaction. Square-root transformation of data was performed prior to analysis.
* P Ͻ 0.05; ** P Ͻ 0.01; *** P Ͻ 0.001. † Mean-square estimate used in denominator of F test was a pooled estimate from the T ϫ S interaction and the residual mean-squares (Sokal and Rolf 1995) .
‡ Test should be considered with caution due to heterogeneity of variances (Cochran's test).
FIG. 3. Survivorship of adult transplants of four cobble beach plant species to bed and interbed treatment locations. Data are mean survivorship (ϩ 1 SE) at six sites, except for S. europaea, which was only transplanted at three sites. Transplant duration was 4 months for annuals and 16 months for perennials. * P Ͻ 0.05; *** P Ͻ 0.001 for treatment effect (Logistic regression analysis), n ϭ 4 plants per species per treatment location per site.
had a highly significant effect on cobble movement ( Fig. 4 ; F 2,33 ϭ 10.374, P Ͻ 0.0001, ANOVA after log transformation of data). In contrast, this treatment had no effect on mean flow which was measured 1 cm above the surface of the stabilization screens ( Fig. 4 ; t ϭ 0.672, df ϭ 14, P Ͼ 0.05, paired t test after log transformation).
By 1 May, S. linearis seedlings had emerged from all 10 of the stabilization and bed plots and S. europaea seedlings had emerged from seven stabilization and eight bed plots ( Fig. 5A and B) . In contrast, at this census date only one interbed plot contained S. europaea seedlings and only two contained S. linearis. By the time of the second census (1 June) S. europaea seedlings were present in all 10 stabilization plots, while no seedlings of either species remained in any of the interbed plots (Plate 1, Fig. 5A and B) . The frequency of plots containing at least one individual seedling at the first (S. europaea, 2 ϭ 12.73, P Ͻ 0.01; S. linearis, 2 ϭ 24.79, P Ͻ 0.0001) and second census (S. europaea, 2 ϭ 30.37, P Ͻ 0.0001; S. linearis, 2 ϭ 32.93, P Ͻ 0.0001) varied significantly among the three treatments. Furthermore, additional planned comparisons demonstrated that for both species, both parameters varied significantly between the stabilization and interbed plots (all P Ͻ 0.01) but not between the bed and stabilization plots (all P Ͼ 0.05). The number of emergent S. europaea and S. linearis seedlings was similar in the bed and stabilization treatment plots, both of which displayed higher seedling densities than the interbed plots ( Fig. 5C and D) . However as previously mentioned, it is possible that seed densities were greater in the bed and stabilization treatments than in the interbed treatments due to a retention artifact. Therefore, the seedling abundance data (i.e., Fig. 5C and D) should be considered with caution and were not compared statistically. Survivorship until reproduction appeared to be
Effects of stabilization manipulation on (A) substrate stability and (B) average flow velocity. Substrate stability was measured as net cobble movement over two tidal cycles (n ϭ 12 plots/treatment with 10 cobbles/plot). Average flow velocity was measured as net mass loss of dissolution cylinders after five days (n ϭ 15). Bars represent untransformed means ϩ 1 SE. Mean values of distance for the bed and stabilization treatments are small but are not zero. slightly higher in the bed than in the stabilization plots (Fig. 6A) , however, these differences were not statistically significant (S. europaea, t ϭ 1.44, df ϭ 16, P Ͼ 0.05; S. linearis, t ϭ 0.50, df ϭ 16, P Ͼ 0.05). S. europaea adult plants appear to have been much larger at the end of the growing season in the bed than in stabilization plots (Fig. 6B ), but again this difference is not statistically significant, (t ϭ 1.23, df ϭ 6, P Ͼ 0.05). This is probably due to high variance in the bed plots and low statistical power. In contrast, the final dry mass of S. linearis adult plants was almost identical in bed and stabilization plots (Fig. 6B, t ϭ 0 .30, df ϭ 11, P Ͼ 0.05).
In the greenhouse study, S. linearis seeds were able to germinate, and seedlings were able to emerge, survive, and grow into reproductive adults in interbed soil samples from both sites (Fig. 7) . Seedling emergence did not differ significantly between soil types ( Fig. 7A ; F 1,1 ϭ 0.39, P Ͼ 0.05; ANOVA after square-root transformation) or sites (F 1,35 ϭ 0.71, P Ͼ 0.05), and the soil type ϫ site interaction was not significant (F 1,35 ϭ 0.82, P Ͼ 0.05). Survival to reproduction was 100% in interbed soil pots from both sites (Fig. 7B ) and did not differ between treatments ( 2 ϭ 0.00001, P Ͼ 0.05) or sites ( 2 ϭ 0.00001, P Ͼ 0.05). Final plant size also did not differ between soil treatments ( Fig. 7C ; F 1,1 ϭ 1.64, P Ͼ 0.05; ANOVA after log transformation) and the treatment ϫ site interaction was not significant (F 1,30 ϭ 0.31, P Ͼ 0.05), but there was a significant site effect (F 1,30 ϭ 5.70, P Ͻ 0.05).
DISCUSSION
Limiting life history stage
When the goal of an ecological study is to determine the factors restricting the distribution of a species, identifying the limiting life history stage is often a crucial first step that ensures the formulation of relevant alternative hypotheses to explain the pattern. I examined the importance of five life history stages including seed supply, seed germination, seedling emergence, seedling establishment, and adult survival in limiting the lateral distribution of cobble beach plants. Results of the transplant experiment, in which adult plants were transplanted behind and between Spartina beds, suggest that absolute distribution is restricted at an earlier life history stage. The main sources of mortality, especially for the annuals, were dislodgment and burial during severe storms including tropical storm Bertha (July 1996) and hurricane Edouard (September 1996) . Although three of the four transplanted species experienced a significantly higher rate of survivorship behind Spartina beds, transplants were generally also able to survive between beds. In fact, 75% of the 24 S. linearis transplanted between beds at six sites, survived to reproduction. Likewise, 54% of the S. virginica interbed transplants were still alive 16 mo after transplantation.
Seed availability is known to affect the population dynamics and distribution of many shoreline plant species (Barbour 1970 , Keddy 1982 , Ungar 1987 , Ehrenfeld 1990 . Although I found that seed supply of two of the three sampled species was significantly greater behind Spartina, a sizable number of seeds of all three were caught between beds. For example, S. linearis seeds were found in 22 of the 30 interbed traps (five of which contained Ն12 S. linearis seeds). Furthermore, at site three, S. linearis interbed seed supply can be extrapolated to 253 seeds/m 2 . Considering the germination rate of 10 % for S. linearis (Table 2 ) and the complete absence of adult plants between beds at most sites, I concluded that seed availability is not the proximate life history stage restricting plant distribution, although it is likely to affect other population and community parameters.
The variation in seed supply between bed and interbed locations could have been caused by the presence of adult populations behind the sampled beds (a seed shadow), by increased seed retention (due to the physical structure of the beds), or through a combination of both. The results of the artificial seed addition Ecology, Vol. 81, No. 5 FIG. 5 . Emergence and establishment of (A and C) S. europaea and (B and D) S. linearis seedlings within each type of treatment plot. Bars in (A) and (B) are the percentages of the plots of each treatment that contained at least one seedling, and bars in (C) and (D) represent untransformed means (ϩ 1 SE) of seedling abundances; n ϭ 10. experiment suggest that seed retention is much greater behind Spartina and that this process is largely responsible for the differences in seed supply between bed and interbed locations. By effectively homogenizing the seed rain at both locations, I found that even when seed input was high, seed availability was still relatively low between Spartina beds. I estimated that there was a 95% reduction in retention at locations without Spartina (Fig. 2) . A reduction of this magnitude behind beds would reduce local seed supply to levels very close to those found between beds (Table  4 ). In fact, by this estimation, 94% to 100% (depending on the species) of the differences in seed supply between locations is due to differential seed retention alone (Table 4 ). These estimates suggest that Spartina substantially increases seed supply behind beds via seed retention. This could be especially important to the persistence of populations of annuals. It might also increase overall population sizes, thereby reducing the chance of stochastic extinction (Caughley 1994, Heschel and Paige 1995) , especially for the less common species whose local populations are often quite small (Ͻ100 individuals/bed, J. Bruno, unpublished data). Finally, increased retention behind beds of seeds arriving from distant sources could increase rates of colonization.
Limited seed dispersal is a common phenomenon in a wide variety of shoreline habitats including sand dunes (Barbour 1970 , Watkinson 1978 , Westelaken and Maun 1985 , gravel bars (Keddy 1980) , and salt marshes (Ungar 1987) . This is surprising given the apparent potential for long-distance dispersal displayed by many shoreline plant species (Ungar 1987 , Ehrenfeld 1990 . In some of these cases, seed dispersal was restricted by plants that reduced wind or current velocity and effectively trapped and retained seeds of other species (Barbour 1970 , Watkinson 1978 , Keddy 1982 . This process has also been documented in numerous other habitats (Callaway 1995) . It has often been suggested that limited dispersal of the seeds of shoreline plants is beneficial as it ensures that a majority remain in suitable habitat patches (Ehrenfeld 1990 ). Because such ''safe sites'' (sensu Harper 1977) can be relatively uncommon, long-distance dispersal can be highly risky (Watkinson 1978 , Keddy 1982 .
The ability of seeds of all four species to germinate in all interbed plots indicates that germination does not limit plant distribution. In contrast, not a single seedling emerged between beds. Treatment location had a significant effect on the emergence of three species and there was a significant treatment ϫ site interaction for the fourth. Overall, the results of these experiments, designed to determine the limiting life history stage, suggest that the inability of seedlings to emerge between beds restricts the lateral distribution of cobble beach plants to locations behind Spartina. The biolog- ical requirements of the other stages seem to be met, at least to some degree, between beds. However, if seeds arrive, persist, and are able to germinate but not emerge at interbed locations, then some seedlings should be present below the substrate surface between beds during the period when seedlings are emerging behind beds. This prediction was confirmed by sampling at three sites where relatively large numbers (105-185/m 2 ) of seedlings of cobble beach species were found buried below the surface. Seedling establishment has been shown to be the life history stage at which one plant species, often referred to as a nurse plant, facilitates another in a wide variety of environments (Ellison 1949 , Franco and Nobel 1988 , Ryser 1993 , Callaway 1995 . This is probably due to the fact that early stages in plant growth are often demographically sensitive and are highly vulnerable to environmental stress (Harper 1977) .
Mechanism of facilitation
The results of the second seed addition experiment indicate that substrate instability is the proximate factor preventing seedling emergence and establishment in locations not buffered by Spartina. S. europaea and S. linearis seedlings were only able to emerge and survive between beds when the substrate was artificially stabilized. Both species had similar rates of emergence and establishment in stabilization and bed plots. Quantification of the effect of the stabilization treatment on cobble movement indicated that the screens stabilized the substrate to a degree comparable to Spartina beds (Bruno and Kennedy 2000) . The depth of seeds within the soil during the germination and emergence periods may ultimately be the factor that restricts emergence between beds. Past a certain threshold depth, seeds generally do not have the reserves necessary to grow to the surface and emerge (Venable and Brown 1988, Chambers 1995) , and disturbance is known to affect seed burial depth (Harper 1977 , Ehrenfeld 1990 , Chambers et al. 1991 . By stabilizing the substrate, Spartina Notes: Bed and interbed seed supply values are the numbers of seeds found in 17 ϫ 27 cm seed traps (mean Ϯ 1 SE, n ϭ 30). Bed seed supply in the absence of Spartina-enhanced retention was estimated as: pooled mean bed supply minus seed supply due to retention (which was calculated to be 95% from the seed retention experiment). The percentage of the difference in seed supply between bed and interbed traps due to retention was calculated as: bed supply due to retention divided by the difference between bed and interbed supply. may reduce the downward vertical movement of seeds and prevent their burial during depositional storm events. This theory is supported by the presence of natural seedlings buried below the substrate surface between beds, as well as experimental seedlings which were found buried in the interbed plots.
Although herbivory, direct effects of flow (e.g., seedling removal), and soil quality were not manipulated in the second seed addition experiment, the results suggest that these factors do not preclude seedling emergence. None of these potential environmental stresses were reduced by the stabilization treatment, yet S. europaea and S. linearis seedlings in the stabilization plots were able to establish and survive to reproduction. These seedlings were fully accessible to potential herbivores, and measurements of mean water velocity 1 cm above the surface of the stabilization screens indicated that this manipulation had no detectable effect on near-bottom flow. Consequently it is unlikely that sedimentation, and hence soil quality, was affected by the stabilization manipulation. To further ensure that there was not a soil quality artifact, the substrate in all three treatments was originally stabilized and the screens were not removed from the bed and interbed treatments until Ͻ2 wk before seedlings began to emerge. The soil quality hypothesis was also independently tested in the greenhouse study, which demonstrated that the emergence of S. linearis seedlings is not limited by interbed soil quality. Seedlings emerged in soil collected between beds from both sites in numbers similar to those grown in soil from behind beds. Furthermore, interbed soil did not negatively affect adult survival, which was 100%, or plant fitness, as plant dry mass did not vary significantly between soil treatments.
Previous studies have also found that the limitation of seedling establishment, often through physical disturbance by waves, largely controls the population dynamics and distribution of shoreline plants, at least at relatively small spatial scales (Van der Valk 1974 , Keddy 1982 , 1983 , Ungar 1987 , Ehrenfeld 1990 . In other types of estuarine and marine habitats, single species of marine plants or algae have been shown to reduce water velocity and wave-related disturbance, thereby having large positive impacts on many other constituent species (Orth 1977 , Jackson and Winant 1983 , Eckman et al. 1989 , Irlandi and Peterson 1991 . Algal and plant habitat modifiers can also have a large effect by reducing thermal stress in rocky intertidal habitats (Leonard 1998) and by shading the soil surface in salt marshes Yeh 1994, Bertness and Hacker 1994) . In environments in which levels of physical stress and disturbance are relatively high, such positive interactions may turn out to be even more pervasive and exert a greater influence than consumer and competitive processes (Bertness and Callaway 1994) .
In conclusion, Spartina alterniflora appears to be an example of a species that facilitates the establishment and maintenance of a whole community by reducing physical disturbance to tolerable levels. Such wholesystem facilitation through habitat modification is emerging as a dominant theme in community ecology (Bertness and Leonard 1997) . Identifying important facilitators as well as the mechanism through which they benefit their neighbors enables these irreplaceable species to be targeted for protection and can also increase our understanding of the dynamics and organization of many communities.
